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Presynaptic Activation of Silent Synapses and
Growth of New Synapses Contribute to
Intermediate and Long-Term Facilitation in Aplysia
synaptic structural changes contribute functionally to
long-term plasticity, we have focused on the gluta-
matergic synapses between the sensory and motor neu-
rons of the gill-withdrawal reflex in Aplysia. In the intact
animal, five sensitizing stimuli to the tail lead to long-
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tion that lasts for days. This facilitation can be studied inCollege of Physicians and Surgeons
a dissociated cell culture system by giving five repeatedColumbia University
presentations of 5-hydroxytryptamine (5-HT), a modula-3 New York State Psychiatric Institute
tory transmitter released in the intact animal by sensitiz-New York, New York 10032
ing stimuli (Montarolo et al., 1986). This long-term (sev-
eral days) increase in synaptic strength involves both a
presynaptic alteration in transmitter release (Frost et al.,Summary
1985; Montarolo et al., 1986; Scholz and Byrne, 1987)
as well as a potential postsynaptic contribution (TrudeauThe time course and functional significance of the
and Castellucci, 1995) and is accompanied by an in-structural changes associated with long-term facilita-
crease in the number of sensory neuron varicosities intion of Aplysia sensory to motor neuron synaptic con-
contact with the postsynaptic motor neuron (Glanzmannections in culture were examined by time-lapse con-
et al., 1990; Bailey et al., 1992a). These morphologicalfocal imaging of individual sensory neuron varicosities
changes in culture are similar to the synaptic growthlabeled with three different fluorescent markers: the
induced by long-term sensitization in the behaving ani-whole-cell marker Alexa-594 and two presynaptic
mal, where the memory lasts for weeks and the increasemarker proteins—synaptophysin-eGFP to monitor
in the number of sensory neuron synapses parallels thechanges in synaptic vesicle distribution and synapto-
retention of the memory (Bailey and Chen, 1983, 1988b,PHluorin to monitor active transmitter release sites.
1989). However, all of these studies were done on popu-Repeated pulses of serotonin induce two temporally,
lations of sensory neuron varicosities and therefore didmorphologically, and molecularly distinct presynaptic
not allow one to follow continuously over time the struc-changes: (1) a rapid activation of silent presynaptic
tural changes that occur at the same specific synapticterminals by filling of preexisting empty varicosities
varicosity. These earlier studies also did not examinewith synaptic vesicles, which parallels intermediate-
the functional contribution of presynaptic structuralterm facilitation, is completed within 3–6 hr and re-
changes to the different time-dependent phases of long-quires translation but not transcription and (2) a slower
term facilitation. As a result, the earlier studies couldgeneration of new functional varicosities which occurs
not determine whether the increase in synaptic strengthbetween 12–18 hr and requires transcription and trans-
resulted from the conversion of preexisting but nonfunc-lation. Enrichment of empty varicosities with synapto-
tional (silent) synapses or from the addition of newlyphysin accounts for 32% of the newly activated syn-
formed synapses or both.apses at 24 hr, whereas newly formed varicosities
To examine these alternative possibilities, we haveaccount for 68%.
monitored presynaptic functional and structural changes
continuously during long-term facilitation using time-Introduction
lapse confocal imaging of sensory neurons labeled with
the red fluorescent dye Alexa Fluor-594 hydrazide
Activity-dependent modulation of synaptic function and
(Alexa-594). This dye allows the visualization, in real
structure is emerging as one of the key mechanisms by time, of dynamic changes in the structure of the entire
which information for long-term memory is processed axonal arbor of the sensory neuron, including the total
and stored within the brain (Kandel, 2001). Studies of population of synaptic varicosities and, therefore, allows
memory storage in both higher invertebrates and mam- one to follow the structural changes in any given varicos-
mals suggest that the stabilization of long-term memory ity over a 24 hr time period, the period during which long-
requires de novo protein synthesis and is accompanied term facilitation develops. To determine the functional
by the growth of new synaptic connections (Bailey and contribution of the structural changes in any given vari-
Kandel, 1993; Martin et al., 2000). Despite the associa- cosity delineated in Alexa-594-labeled sensory neurons,
tion of structural changes with long-term memory, little we used, in addition to Alexa-594, one of two other
is known about the molecular mechanisms that convert fluorescent protein markers specific to different presyn-
neuronal activity into new synaptic connections, nor do aptic functions. To monitor changes in the distribution of
we know whether these structural changes are function- synaptic vesicles within each sensory neuron varicosity,
ally effective and capable of contributing to memory we used synaptophysin tagged with the enhanced green
storage. fluorescent protein (synaptophysin-eGFP) (Antonova et
To address these issues and to determine which pre- al., 2001). To monitor active transmitter release sites, we
used an activity-sensitive fluorescent protein, ecliptic
synapto-PHluorin (synPH) (Miesenbock et al., 1998).*Correspondence: erk5@columbia.edu
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with the postsynaptic motor neuron L7, approximately sensory neurons displayed a 43.0%  12.5% increase
(25.4  4.3 versus 34.2  4.5 varicosities, n  6) in the12% of the total presynaptic varicosities labeled with
a cell-wide fluorescent dye lack markers for synaptic total number of varicosities evident 24 hr after 5-HT
treatment compared to a 45.9% 9.2% increase (22.3vesicles (synaptophysin-eGFP). They also lack markers
for transmitter release (synPH) and therefore are not 2.9 versus 31.5  4.1 varicosities, n  6) in the number
of the sensory neuron varicosities stained with synapto-competent to release transmitter. Within 3–6 hr following
five pulses of 5-HT, synaptic vesicle proteins accumu- physin-eGFP (Figure 1C and Table 1 part A). These re-
sults are quantitatively similar to those described in ear-late in approximately 60% of these preexisting “empty”
varicosities. These varicosities now contain functional lier studies of Aplysia culture (Glanzman et al., 1990;
Bailey et al., 1992a) and suggest that the overexpressionrelease sites, suggesting that the clustering of synaptic
vesicle proteins may represent a critical step leading to of synaptophysin-eGFP is a reliable synaptic marker for
studying the presynaptic structural changes associatedthe activation of presynaptic silent synapses. The newly
filled varicosities persist and account for 32% of the with long-term plasticity (see also Antonova et al., 2001).
In addition to the growth of new sensory neuron vari-5HT-induced newly activated synapses (capable of
evoked transmitter release) at 24 hr. In addition, 12–18 cosities (Figure 2A), labeling with synaptophysin-eGFP
revealed that repeated applications of 5-HT also inducedhr after five pulses of 5-HT, completely new sensory
neuron synapses form. These account for 68% of the presynaptic modification in preexisting synapses. There
was an enrichment of synaptophysin-eGFP in varicosi-newly activated synapses at 24 hr. Thus, 5-HT induces
two temporally and morphologically distinct presynaptic ties that had contained little or no synaptophysin-eGFP
prior to 5-HT (Figure 2B), whereas without 5-HT treat-structural changes: (1) a rapid activation of preexisting
silent synapses and (2) a slower growth of new functional ment, those varicosities did not display significant en-
richment in synaptophysin-eGFP (Figure 2C). Thus, thesynapses. The rapid activation of silent presynaptic ter-
minals suggests that, in addition to its role in the long- increase in the number of synaptophysin-eGFP-positive
varicosities following five pulses of 5-HT results fromterm facilitation, this modification of preexisting syn-
apses may also contribute to the intermediate phase of two distinct classes of structural changes: (1) the clus-
tering of synaptophysin-eGFP leading to the filling ofsynaptic plasticity.
preexisting but “empty varicosities” that initially con-
tained little or no synaptophysin-eGFP and (2) the forma-Results
tion of new varicosities, virtually all of which displayed
some synaptophysin expression.Two Distinct Classes of Presynaptic Structural
We have defined a synaptophysin-empty varicosityChanges Are Associated with Long-Term Facilitation
as any varicosity that was labeled by Alexa-594 but thatAs a first step in exploring the time course and functional
was not stained by synaptophysin-eGFP (see Experi-significance of the structural changes associated with
mental Procedures). Such empty varicosities repre-long-term facilitation, we delineated specific presynap-
sented 12.0% 4.6% (3.1/25.4, n 6) of the total popu-tic markers to label the three aspects of synaptic plastic-
lation of presynaptic sensory neuron varicosities inity that we needed to examine in this study: (1) a marker
contact with the initial segment and major processes offor online, real-time monitoring of the entire population
the postsynaptic motor neuron and largely accountedof varicosities and axonal processes of the cultured
for the difference in the number of the varicosities la-sensory neuron, (2) a marker for changes in the distribu-
beled by Alexa-594 when compared to those stainedtion of synaptic vesicles within individual synaptic vari-
with synaptophysin-eGFP. Varicosities lacking synapto-cosities, and (3) a marker for active synaptic varicosities,
physin-eGFP could also be seen in control cultures thati.e., for varicosities from which transmitter release can
received no 5-HT, but these showed little change in thebe evoked.
distribution of synaptophysin-eGFP over a period of 24When sensory neurons were injected with the whole-
hr (Figures 2C and 2D).cell dye Alexa-594, the complete axonal arbor and total
population of presynaptic varicosities were labeled (Fig-
ure 1A). We examined the distribution of expressed Long-Term Facilitation Leads to the Activation
of Silent Presynaptic Sensory Neuron Varicosities:eGFP and synaptophysin-eGFP and found that the eGFP
alone, like Alexa-594, displayed a cell-wide staining pat- An Enrichment of Synaptophysin-eGFP
in Preexisting Empty Varicositiestern, whereas synaptophysin-eGFP was localized pri-
marily to synaptic varicosities (Figures 1A and 1B). Ex- To characterize more fully the extent of the 5-HT-induced
clustering of synaptophysin-eGFP, we analyzed quanti-pression of synaptophysin-eGFP did not appear to alter
the normal cellular properties of the sensory neurons tatively the distribution of synaptophysin-eGFP enrich-
ment in the total population of sensory neuron varico-(viability, morphological or electrophysiological charac-
teristics) when compared with cells that did not express sities. We found that 5-HT resulted in a net increase in
the number of varicosities highly enriched in synapto-synaptophysin-eGFP (EPSP amplitude: 13.29 4.47 mV
for synaptophysin-eGFP-positive cultures, n  11 ver- physin-eGFP (70%–100% enrichment group) (32.6% 
1.9% versus 45.6% 3.2%, before and after 5-HT treat-sus 15.35  3.31 mV for synaptophysin-eGFP-negative
cultures, n  10, p  0.2, data not shown for viability ment, respectively, n  6, p  0.05, Figure 2D). By con-
trast, we observed no significant changes in controland morphology).
Following the induction of long-term facilitation with groups that were not treated with 5-HT (n  4, p 
0.2, Figure 2D). This suggests that the 5-HT-inducedfive pulses of 10 M 5-HT (92.8%  23.9% increase in
EPSP amplitude, n  11, p  0.05), Alexa-594-labeled presynaptic redistribution of synaptic vesicles marked
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Figure 1. Localization of Synaptophysin-eGFP at Sensory Neuron Varicosities
(A) A sensory cell expressing synaptophysin-eGFP is injected with Alexa-594 prior to imaging. (A1) A phase contrast image reveals the initial
segment and major axons of the postsynaptic motor neuron L7. (A2) The axonal arbor of a sensory neuron in contact with the motor neuron
is labeled with Alexa-594. (A3) Most sensory neuron varicosities are enriched in synaptophysin-eGFP. (A4) The merged image of Alexa-594
(red) and synaptophysin-eGFP (green) indicates the localization of synaptophysin-eGFP at the presynaptic sensory neuron varicosities (yellow)
in contact with the major processes of the postsynaptic cell.
(B) The enlarged images show synaptophysin-eGFP puncta overlying two varicosities (left panel). (B1) Alexa-594, (B2) synaptophysin-eGFP,
and (B3) the merged images are shown. Two distinct varicosities (asterisks) and neurites (white arrow head) are illustrated. Note that
synaptophysin-eGFP completely fills the large Alexa-594-defined varicosity on the right but only partially fills the smaller varicosity on the
left. Sensory neurons expressing eGFP alone display a more diffuse staining pattern, which appears similar to Alexa-594 (right panel).
(C) Long-term facilitation is not affected by the expression of synaptophysin-eGFP in sensory neurons when compared to either the group
that was injected with the specific DNA construct but does not express or the group that was not injected with any DNA construct (unpaired
Student’s t test). Shown are representative recordings of EPSPs from a sensory-motor neuron coculture expressing synaptophysin-eGFP
before and 24 hr after 5  10 M 5-HT and a histogram of the mean changes in EPSP amplitude of each group.
by synaptophysin-eGFP (and/or the targeting of newly tact with postsynaptic motor neuron processes. This
study revealed that sensory neuron varicosities thatsynthesized synaptic vesicles) may be correlated with
the functional alterations associated with long-term fa- were labeled with Alexa-594 and displayed high levels
of synaptophysin-eGFP expression were also filled withcilitation.
To explore this idea further, we carried out an ultra- synaptic vesicles (Figure 3A). By contrast, empty vari-
cosities, i.e., those identified with Alexa-594 but con-structural analysis of sensory neuron varicosities in con-
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Table 1. Number of Sensory Neuron Varicosities Before and After 5  10 M 5-HT Treatment
A. Morphological Data Obtained from Alexa-594 and Synaptophysin-eGFP Staininga,b
3 hr (Before 5-HT Treatment) 24 hr (After 5-HT Treatment)
Total varicosities labeled
by Alexa-594 25.4  4.3 34.2  4.5
Varicosities labeled by
synaptophysin-eGFP 22.3  2.9 31.5  4.1
Empty varicosities (empty/total
varicosities) 3.1  0.5 (12.0%) 2.7  0.6 (8.1%)
Newly filled varicosities (filled/empty
varicosities) 2.1  0.5 (64.4%)
Newly formed Varicosities 8.8  1.0
B. Morphological Data and Functional State of Varicosities as Monitored by Synapto-PHluorin Expression and Sensory
Neuron Depolarizationc,d
3 hr (Before 5-HT Treatment) 24 hr (After 5-HT Treatment)
Total varicosities labeled
by Alexa-594 25.7  7.6 36.5  5.1
Varicosities labeled by
synapto-PHluorin 21.2  6.9 33.1  4.8
Active varicosities (active/total
varicosities) 7.7  1.2 (30.8%) 12.3  2.7 (34.1%)
Empty varicosities (empty/total
varicosities) 4.5  0.8 (16.9%) 3.4  0.5 (9.1%)
Newly filled varicosities (filled/empty
varicosities) 2.3  0.4 (59.7%)
Active newly filled varicosities (active/newly
filled varicosities) 1.7  0.3 (73.8%)
Newly formed varicosities 10.7  1.7
Active newly formed varicosities (active/new
varicosities) 3.7  0.4 (35.5%)
(A) an  6 dishes; bnumbers from control samples (22.3  4.0 total varicosities in n  4 dishes without 5-HT treatment) are not shown since
they did not present any significant changes between 3 and 24 hr. Morphological data obtained from Alexa-594 and synaptophysin-
eGFP staining.
(B) cn  6 dishes; dnumbers from control samples (23.4  2.4 total varicosities in n  3 dishes without 5-HT treatment) are not shown since
they did not present any significant changes between 3 and 24 hr. Morphological data and functional state of sensory neuron varicosities
obtained from Alexa-594 labeling and synPH staining/with KCl depolarization.
taining little or no synaptophysin-eGFP expression, dis- ther (Ghirardi et al., 1995; Mauelshagen et al., 1996).
Each stage of facilitation also correlates with a distinctplayed a markedly reduced complement of synaptic
vesicles even though they contained mitochondria, cy- phase of memory storage (Sutton et al., 2001). To deter-
mine to what degree the two morphological stages thattoskeletal elements, and other components of the pre-
synaptic compartment (Figure 3B). These fine-structural we have delineated map onto the different stages of
facilitation and memory storage, we monitored the samestudies suggest that empty varicosities may be function-
ally silent and unable to participate in synaptic transmis- sensory neuron over time, 3 hr before and at 0.5 hr and
sion. Thus, the clustering of synaptophysin-eGFP into then every 3–6 hr after 5-HT treatment. In preexisting
these preexisting empty varicosities may represent a varicosities that were empty, synaptophysin-eGFP filling
critical morphological rearrangement underlying the ac- began almost immediately (30 min) after five pulses of
tivation of presynaptic silent synapses. 5-HT. Accumulation of synaptophysin-eGFP at these
varicosities was completed within 3–6 hr and remained
relatively stable for the next 24 hr (n 11 empty varicosi-Time Course of Synaptophysin-eGFP Enrichment
ties from four cultures, Figure 4A). By contrast, the for-Parallels Intermediate- and Long-Term Facilitation
mation of new varicosities did not begin until much later,Using time-lapse confocal imaging, we monitored dy-
approximately 12 hr after 5-HT treatment, and was notnamic changes in the distribution of synaptophysin-
completed until 18 hr (n  24 new varicosities from foureGFP following the induction of long-term facilitation by
cultures, Figure 4B), consistent with a previous studyfive pulses of 10 M 5-HT. Previous studies of the sen-
(Hatada et al., 2000). Interestingly, most of the newlysory to motor neuron synapse in Aplysia have revealed
formed varicosities displayed some synaptophysin ex-three distinct phases of facilitation (short-, intermedi-
pression at 24 hr. This may reflect the fact that a signifi-ate-, and long-term) based on their induction, duration,
cant number of new varicosities appear to be formedand the signaling systems recruited. These three stages
by the splitting and subsequent division of preexistingare mechanistically distinct, i.e., intermediate-term facil-
varicosities that are already enriched in synaptophysin.itation depends upon protein but not RNA synthesis
Since intermediate-term facilitation decays within 3–6whereas long-term facilitation requires both protein and
RNA synthesis, and short-term facilitation requires nei- hr and long-term facilitation appears approximately 15
Function of Learning-Related Structural Changes
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Figure 2. 5-HT-Induced Enrichment of Synaptophysin-eGFP in Sensory Neuron Varicosities
(A) Two new varicosities enriched in synaptophysin-eGFP are formed 24 hr after 5  10 M 5-HT treatment.
(B) Two preexisting but empty varicosities joined by a short intervaricose segment that are labeled by Alexa-594 but that display little
synaptophysin-eGFP become enriched in synaptophysin-eGFP 24 hr after 5-HT treatment. (B1) Alexa-594, (B2) synaptophysin-eGFP, and (B3)
the merged images are presented at 3 hr and 24 hr for (A) and (B).
(C) An empty varicosity (C1) and a varicosity only partially filled with synaptophysin-eGFP (C2) are observed 3 hr and 24 hr without 5-HT
treatment. The empty varicosity remains free of synaptophysin-eGFP at 24 hr, and the partially filled varicosity is not enriched further in the
same time frame. Only merged images of Alexa-594 and synaptophysin-eGFP are shown.
(D) The total population of sensory neuron varicosities are grouped after binning according to the mean pixel intensity of GFP. 5-HT treatment
increases the number of varicosities highly enriched in synaptophysin-eGFP (top panel). The percentage of varicosities in the 70%–100%
enrichment group significantly increases after 5-HT treatment (paired Student’s t test, compared to that before the 5-HT treatment). Control
cultures that received no 5-HT do not show any significant change in enrichment of synaptophysin-eGFP between 3 hr and 24 hr (p  0.2)
(bottom panel). A total of 247 varicosities were analyzed (157 for the 5-HT-treated group and 90 for control).
hr after training (Ghirardi et al., 1995; Mauelshagen et al., tional but minor contribution to long-term facilitation,
whereas the growth of new functional synaptic connec-1996), the time course of these two different presynaptic
structural changes appears to be consistent with the tions would be associated exclusively with long-term fa-
cilitation.idea that the clustering of synaptophysin-eGFP into pre-
existing empty varicosities and the formation of new Following five repeated presentations of 10 M 5-HT,
the dependence of synaptic facilitation on new proteinvaricosities might contribute differentially to each phase
of facilitation. According to this view, the molecular mat- synthesis first appears with intermediate-term facilita-
tion (Ghirardi et al., 1995). If the enrichment of synapto-uration and functional transformation of preexisting
empty varicosities would be associated primarily with physin-eGFP into preexisting empty varicosities reflects
a class of synaptic remodeling associated with interme-intermediate-term facilitation, with perhaps an addi-
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Figure 4. Time Course of 5-HT-Induced Syn-
aptophysin-eGFP Enrichment in Sensory Neu-
ron Varicosities
(A) Clustering of synaptophysin-eGFP into
preexisting empty varicosities begins almost
immediately (0.5 hr) after 5  10 M 5-HT.
Accumulation of synaptophysin-eGFP at these
varicosities is completed within 3–6 hr and
remains relatively stable for 24 hr. The time
course of the mean enrichment of empty vari-
cosities after 5-HT treatment (11 varicosities,
n  4) and representative time-lapse images
of the filling of a preexisting empty varicosity
are shown at each time point (3, 0.5, 3, 6,
12, 18, and 24 hr) before the start and after
the completion of five pulses of 10 M 5-HT
treatment (90 min).
(B) The time course of the mean enrichment
and the change in the number of new varicos-
ities are shown at the same time points as
in (A) after normalization with the maximum
number of new varicosities (29, n  4) at 24
hr. The number of new varicosities was deter-
mined with Alexa-594 labeling alone. Most of
the new varicosities are formed between 12
and 18 hr after 5-HT treatment. Time-lapse
images indicate that synaptophysin-eGFP
accumulates in a preexisting axonal swelling
and is followed by the apparent splitting and
subsequent division of this swelling into two
new synaptophysin-enriched varicosities be-
tween 12 and 18 hr after 5-HT treatment.
These two varicosities and their synaptophy-
sin complement are still present 24 hr after
5-HT treatment.
(C) The protein synthesis inhibitor anisomycin
blocks the filling of preexisting empty sensory
neuron varicosities with synaptophysin-eGFP
3 hr after 5-HT treatment. Histograms repre-
sent the mean of the percentage of preex-
isting empty varicosities that are filled with
synaptophysin-eGFP when examined 3 hr
after 10M 5-HT in the presence (20 varicosi-
ties) or the absence (19 varicosities) of 20 M
anisomycin (n 5 cultures for both; unpaired
Student’s t test). An empty varicosity, labeled
by Alexa-594 (red) but displaying no synapto-
physin-eGFP expression, 3 hr before and 3
hr after 5 pulses of 10 M given in the pres-
ence of 20 M anisomycin. Only merged im-
ages of Alexa-594 and synaptophysin-eGFP
are presented for (A)–(C).
diate-term facilitation, this structural change should also 5  10 M 5-HT treatment, the time point at which
synaptophysin enrichment was at or near its maximumbe blocked when protein synthesis is inhibited. Consis-
tent with this idea, we find that the protein synthesis level. In the presence of 20 M anisomycin, only 3.6%
2.3% (n  5) of the empty varicosities become filledinhibitor anisomycin blocks the filling of empty varicosi-
ties with synaptophysin-eGFP when examined 3 hr after with synaptophysin-eGFP (0.3  0.2 of 5.4  1.7), com-
Figure 3. Fine Structure of Synaptophysin-Enriched and Synaptophysin-Empty Sensory Neuron Varicosities
(A) Two presynaptic varicosities from a sensory neuron expressing synaptophysin-eGFP and injected with Alexa-594 are shown in the inset.
The merged image of Alexa-594 (red) and synaptophysin-eGFP (green) indicates that the sensory neuron varicosity at the top (arrowhead) is
highly enriched in synaptophysin-eGFP (yellow), whereas the sensory neuron varicosity at the bottom (asterisk) displays virtually no synaptophy-
sin-eGFP expression. At the ultrastructural level, the sensory neuron varicosity that was identified by Alexa-594 and heavily labeled with
synaptophysin-eGFP (arrowhead in inset) is also found to be filled with synaptic vesicles.
(B) By contrast, the empty sensory neuron varicosity that was labeled with Alexa-594 but which displayed little synaptophysin-eGFP expression
(asterisk in inset) is found to contain a markedly reduced complement of synaptic vesicles (asterisks), even though it displays mitochondria,
cytoskeletal elements, and other components of the presynaptic compartment.
Scale bar, 1 m (A and B); 10 m (inset).
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Figure 5. Time Course of Facilitation and
Synaptophysin-eGFP Enrichment Following
the Selective Induction of Facilitation in the
Intermediate-Term Time Domain
(A) Facilitation and clustering of synaptophy-
sin-eGFP into preexisting empty varicosities
(3, 0.5, 3, and 24 hr) are indicated following
the selective induction of facilitation in the
intermediate-term time domain isolated from
long-term facilitation by the reduced 5-HT
protocol (4 10 nM 5-HT). Only intermediate-
term facilitation is induced without the onset
of long-term facilitation (left panel, ANOVA
and Neuman-Keuls’ test). The mean percent-
age of preexisting empty varicosities filled at
the indicated time points are shown (right
panel, ANOVA and Neuman-Keuls’ test). Rep-
resentative time-lapse images of two preex-
isting empty varicosities are presented before
the start and after the completion of four
pulses of 10 nM 5-HT (top images at 3, 0.5,
and 24 hr; bottom images at 3, 3, and 24
hr). Only merged images (yellow) of Alexa-
594 and synaptophysin-eGFP are presented.
Although the reduced 5-HT protocol clearly
induces synaptophysin enrichment during
the intermediate time domain (0.5 hr and 3
hr), this clustering of synaptic vesicles does
not persist and is not evident at 24 hr. Note
that EPSP amplitude and the enrichment of
synaptophysin-eGFP were analyzed in the
same dishes (one set of culture dishes, n 
5 were tested at 3, 0.5, and 24 hr for EPSP
and 3, 3, and 24 hr for enrichment whereas
the other set, n  7 at 3, 0.5, and 24 hr for
enrichment and 3, 3, and 24 hr for EPSP).
(B) Neither actinomycin-D nor anisomycin
blocks the enrichment of synaptophysin-
eGFP in empty sensory neuron varicosities
when intermediate-term facilitation is isolated from long-term facilitation by the reduced 5-HT protocol. Histograms represent the mean
percentage of preexisting empty varicosities that are filled with synaptophysin-eGFP when examined at 0.5 and 3 hr after four pulses of 10
nM 5-HT given in the presence of 50 M actinomycin-D or 20 M anisomycin or the absence of any inhibitor (p  0.05, ANOVA).
pared to 47.2%  9.1% (n  5, p  0.0001) in the after 5-HT treatment). Since intermediate-term facilita-
tion can be effectively isolated from long-term facilita-absence of anisomycin (2.0 0.3 of 4.2 0.7, Figure 4C).
tion with the reduced 5-HT treatment, any associated
structural changes are likely to be due to mechanismsEnrichment of Synaptophysin-eGFP in Empty
Sensory Neuron Varicosities Is Concurrent intrinsic for the intermediate phase.
In contrast to what we had found using five pulses ofwith the Selective Induction of Facilitation
in the Intermediate-Term Time Domain 10 M 5-HT, which produced long-term facilitation as
well as intermediate-term facilitation, no new varicosi-Isolated from Long-Term Facilitation
We next asked whether the filling of empty varicosities ties were formed following the reduced 5-HT treatment
(0.8  0.4 varicosities, n  12). However, the mean en-with synaptic vesicles might be one of the structural
mechanisms leading to the expression of intermediate- richment index of empty varicosities with synaptophy-
sin-eGFP at 0.5 and 3 hr after 4  10 nM 5-HT appearsterm facilitation. Facilitation in the intermediate-term
time domain can be induced exclusively, without the to be similar to the filling induced by 5  10 M 5-HT
at the same time points (24.3%  8.1%, n  7 andonset of long-term facilitation, by reducing both the
number of applications and the concentration of 5-HT 33.3% 9.1%, n 5 for 4 10 nM 5-HT versus 38.7%
12.2%, n  4 and 60.1%  17.5%, n  4 for 5  10 M(Ghirardi et al., 1995). When only four pulses of 10 nM
5-HT were used, significant intermediate-term facilita- 5-HT, at 0.5 and 3 hr, respectively, p 0.05 for both time
points). A previous study has shown that the isolatedtion was produced 30 min after the completion of 5-HT
treatment (86.4%  18.9%, n  5, compared with con- intermediate-term facilitation induced by the reduced
protocol does not require either protein or RNA synthe-trols before 5-HT treatment, n  12, p  0.05) without
recruiting any significant long-term facilitation 24 hr after sis (Ghirardi et al., 1995). Similarly, we find that inhibitors
of either translation or transcription have no effect on5-HT (4.7% 9.0%, n 12, Figure 5A). Some residual
facilitation was also present at 3 hr, although it was intermediate-term facilitation measured 30 min after four
pulses of 10 nM 5-HT (59.4% 18.0%, with anisomycin,not statistically significant compared with EPSPs before
5-HT treatment (41.9%  18.3%, n  7, p  0.05, 3 hr n  8 versus 71.0%  27.5% with actinomycin-D, n 
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6). Moreover, the recruitment of synaptophysin-eGFP
into empty varicosities that occurs at 0.5 and 3 hr after
four pulses 10 nM 5-HT treatment is also unaffected by
actinomycin-D or anisomycin (percent of empty varicos-
ities that are subsequently filled: 48.1%  4.2%, n  5
and 52.7%  7.1%, n  6 with actinomycin-D versus
30.4%  6.7%, n  5 and 35.7%  4.9%, n  4 with
anisomycin versus 45.2%  3.3%, n  7 and 42.7% 
4.1%, n 5 without any inhibitor at 0.5 and 3 hr, respec-
tively; p 0.05, Figure 5B). Thus, facilitation in the inter-
mediate-term domain is also characterized by the redis-
tribution and clustering of synaptophysin-eGFP into
empty sensory neuron varicosities when it is selectively
induced and isolated from long-term facilitation. These
results suggest that the enrichment of synaptophysin
(i.e., the clustering of synaptic vesicles) into preexisting
empty sensory neuron varicosities may be a distinct
structural and possibly functional signature of interme-
diate-term facilitation.
Interestingly, the filling of empty varicosities with syn-
aptophysin induced by the reduced 5-HT protocol does
not persist for 24 hr after 5-HT treatment (Figure 5A).
This is in contrast to the filling of empty varicosities that
is induced by the long-term protocol (5  10 M 5-HT)
where approximately 82% (9/11) of the newly filled vari-
cosities at 3 hr were also present at 24 hr. This may
reflect a difference in mechanisms recruited by the two
5-HT protocols. Although both protocols induce inter-
mediate-term facilitation, the 5  10 M 5-HT protocol
may activate additional molecular events (including the
machinery for translational processing) required to set
up the long-term phase, perhaps by stabilizing the inter-
mediate phase.
Functional Significance of Two Distinct
Figure 6. Functional Determination of Individual Presynaptic Sen-Presynaptic Structural Changes Associated
sory Neuron Varicositieswith Long-Term Facilitation
(A) Distribution of synPH expression and determination of the func-To examine quantitatively the functional significance of
tional state of individual sensory neuron varicosities. Raw imagesthese two distinct classes of presynaptic structural
of presynaptic varicosities of a sensory neuron expressing synPH
changes, we monitored the functional state of individual before (A1) and after (A2) 200 mM KCl perfusion reveal that some
sensory neuron varicosities in living cells before and 24 varicosities (white arrowheads) display an increase in fluorescence
intensity after depolarization of the sensory neuron whereas otherhr after 5  10 M 5-HT treatment using the activity-
varicosities (white arrows) do not. (A3) A pseudocolor image of thesensitive protein synPH (Figures 6 and 7 and Table 1
same field of view as that shown in panels (A1) and (A2) obtainedpart B). With synPH, release of labeled synaptic vesicles
by subtracting (A2) from (A1) illustrates the change of fluorescenceyields an increase in fluorescence due to the externaliza-
intensity of synPH (in arbitrary fluorescence units). (A4) The phase
tion of pHluorin to a more basic exterior medium, which contrast image illustrates the major processes of the motor neuron
returns to basal levels by the reacidification of synaptic L7. Black arrows and arrowheads indicate the distribution and rela-
tive points of contact of the synPH active and inactive presynapticvesicles following endocytosis in a Ca2-dependent
sensory neuron varicosities (A1–A3) on the initial segment of thefashion (Sankaranarayanan and Ryan, 2001). When ex-
postsynaptic target cell.pressed in Aplysia sensory neurons, depolarization by
(B) Enlargement of an individual synPH () sensory neuron varicositybath application of KCl leads to the evoked exocytotic
shows an increase (54%) in synPH fluorescence intensity upon sen-
release of synaptic vesicles within individual varicosities sory neuron depolarization induced by 200 mM KCl. Images of
as indicated by an increase in the fluorescence signal synPH (green) and Alexa-594 labeling (red) of the presynaptic vari-
cosity are shown. The fluorescence intensities are illustrated inof synPH (Figures 6A and 6B) as has been previously
pseudocolor before (rest) and after (stim) the depolarization of thereported in cultured hippocampal neurons (Miesenbock
sensory neuron (in arbitrary fluorescence units).et al., 1998).
(C) Coexpression of synPH (green) and synaptophysin-RFP (red)To ascertain if synPH colocalizes with synaptophysin,
leads to colocalization of the two synaptic vesicle proteins specifi-
we fused the red fluorescent protein (RFP) to synapto- cally in varicosities as shown in the merged image (yellow). The
physin and coexpressed synPH and synaptophysin-RFP phase contrast image indicates the loci of the presynaptic sensory
neuron varicosities along the major processes of the postsynapticin sensory neurons. We found extensive colocalization
motor neuron L7.of the two synaptic vesicle proteins, which exhibited
almost identical staining patterns, especially with re-
spect to presynaptic varicosities (Figure 6C). This is con-
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synPH-active varicosities before and after repeated
5-HT treatment and found that 24 hr after 5-HT treatment
there was a 59.3%  5.1% increase in the number of
active varicosities (7.7  1.2 before versus 12.3  2.7
after 5-HT treatment, n  6, p  0.005, Table 1 part B).
This corresponds well with the 74.3%  35.8% (n  5,
p  0.05) increase in the amplitude of the evoked sen-
sory to motor neuron EPSP measured at the same time
point in separate cocultures where the sensory neurons
were also expressing synPH. These real-time experi-
ments in culture are remarkably consistent with the ear-
lier electron microscopic studies of Bailey and Chen
(1983) which demonstrated that long-term sensitization
in the intact animal is accompanied by an increase of
65% in the number of sensory neuron varicosities that
contained fully mature presynaptic transmitter release
sites (active zones) when compared to varicosities from
untrained (naive) animals.
Interestingly, the expression of synPH in sensory neu-
rons also revealed “synPH-empty” varicosities, i.e., vari-
cosities that were labeled with Alexa-594 but that were
not enriched in synPH. These empty varicosities showed
no increase in synPH fluorescence upon stimulation of
the sensory neuron, even when the laser intensity was
maximized to amplify any weak signal (Figure 7A). Con-
sistent with our synaptophysin results, the failure to find
an increase in synPH fluorescence suggests sensory
neuron varicosities that do not contain detectable
amounts of these synaptic proteins do not appear to be
capable of evoked synaptic vesicle release and recy-
cling and therefore should represent nonfunctional syn-
aptic contacts. Similar to our studies with synaptophy-Figure 7. 5-HT-Induced Activation of Silent Presynaptic Varicosities
and the Growth of New Functional Synaptic Varicosities sin-eGFP, two classes of presynaptic structural changes
The functional state of individual sensory neuron varicosities as were also observed in synPH-expressing cells 24 hr after
determined before and 24 hr after 5  10 M 5-HT. (A) The merged repeated 10 M 5-HT treatment: (1) the 5-HT-induced
images (red, Alexa-594; green, synPH) reveal that a preexisting enrichment of preexisting but “synPH-empty” varicosi-
empty varicosity lacking synPH (red) at 3 hr becomes enriched ties (Figure 7A) and (2) the formation of new varicosities
(yellow) at 24 hr after 5-HT treatment. The pseudocolor images
that were only present after 5-HT treatment (Figure 7B).before (rest) and after (stim) depolarization of the sensory neuron
The majority of the preexisting varicosities that wereindicate that there is no significant change in fluorescence intensity
filled with synPH and active before 5-HT training re-at3 hr (presynaptically silent and not competent for evoked trans-
mitter release) but illustrate a significant increase in fluorescence mained filled and active at 24 hr (Figure 7C).
intensity (presynaptically active and competent for evoked transmit- Using synPH, we examined the functional state of
ter release) 24 hr after 5-HT treatment. (B) Only sensory neuron these two classes of structural changes and found that
neurites are present at 3 hr, but a new varicosity is formed and approximately 74% (1.7/2.3) of the newly filled varicosi-
enriched in synPH (yellow) at 24 hr after 5-HT treatment. The pseu-
ties and 35% (3.7/10.7) of newly formed varicosities weredocolor images show an increase in fluorescence intensity, indicat-
active 24 hr after 5-HT treatment (73.8%  9.2%, n ing that the newly formed presynaptic varicosity is functional. (C) A
6; 35.5%  5.1%, n  6, respectively, and see Tablepreexisting and synPH-enriched varicosity is competent both before
and after 5-HT treatment. There is no substantial change in varicosity 1 part B). These results suggest that both classes of
structure or synPH distribution. The pseudocolor images also indi- structural changes—the activation of preexisting silent
cate that the varicosity is functional at both3 hr and 24 hr following synapses and the growth of new functional synapses—
5-HT treatment. The pseudocolor scale shows fluorescence inten- appear to contribute to the synaptic enhancement that
sity of synPH (in arbitrary fluorescence units) for rest/stim panels
characterizes long-term facilitation at 24 hr. The enrich-of (A)–(C).
ment of preexisting but empty varicosities accounts for
approximately 32% (1.7/5.2) of these newly activated
sistent with a previous study indicating that synapto- synapses at 24 hr, whereas newly formed varicosities
brevin can bind to synaptophysin and regulate synaptic account for approximately 68% (3.7/5.2). Since synapto-
vesicle maturation (Becher et al., 1999). Indeed, the colo- physin-eGFP enrichment emerges within 3–6 hr after
calization of synaptophysin-RFP and synPH has sug- five pulses of 10 M 5-HT, we also examined the func-
gested that the two markers may reside in the same tional state of the newly synPH-filled varicosities 3 hr
population of synaptic vesicles. Thus, it appears that in after 5-HT treatment and found that 55% (2.1/3.8) con-
Aplysia synPH can be used as a functional probe for the tained competent transmitter release sites (55.3% 
presynaptic structural changes that accompany long- 3.1%, n  5). This activation of newly filled varicosities
term facilitation. represents approximately 25.5%  6.6% of the total
number of synPH-active varicosities present 3 hr afterWe therefore analyzed quantitatively the number of
Function of Learning-Related Structural Changes
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5  10 M 5-HT treatment (2.1  0.3 of 9.8  2.1, n  preexisting empty varicosities following five pulses of
10 M 5-HT is blocked by the inhibition of de novo5) and is likely to contribute to the synaptic enhancement
protein synthesis, which has previously been shown toduring the intermediate phase of synaptic plasticity
attenuate both intermediate-term facilitation and the(Ghirardi et al., 1995).
corresponding intermediate phase of memory (Ghirardi
et al., 1995; Sutton et al., 2001).Discussion
By employing a reduced 5-HT protocol, we have been
able to induce selectively facilitation in the intermediate-The structural changes associated with long-term mem-
term time domain without inducing long-term facilitationory storage can be grouped into two general categories:
(Ghirardi et al., 1995). We have found that the isolatedchanges in preexisting synapses and growth of new
intermediate-term facilitation is also accompanied bysynaptic connections (Greenough and Bailey, 1988; Bai-
the redistribution and clustering of synaptophysin-eGFPley and Kandel, 1993; Yuste and Bonhoeffer, 2001). De-
into empty varicosities at 0.5 and 3 hr, similar to whatspite the evidence for an association between changes
occurs when intermediate- and long-term facilitation arein the number or structure of synaptic connections and
recruited together. However, the presynaptic structurallong-term memory, it has proven difficult to follow indi-
changes induced by the reduced 5-HT protocol differvidual structural changes at the same synapse over time
from those induced by the long-term protocol in at leastso as to directly relate this remodeling to physiological
two ways. First, there is no growth of new varicositiesfunction and memory storage (Engert and Bonhoeffer,
when the intermediate phase is induced with the re-1999; Maletic-Savatic et al., 1999; Toni et al., 1999; Col-
duced protocol. Second, unlike the filling of preexistingicos et al., 2001; De Paola et al., 2003). To address these
empty varicosities during the intermediate-term phaseissues, we have combined four techniques: (1) time-
induced by the long-term protocol, the newly filled vari-lapse confocal imaging of the same fluorescently la-
cosities do not persist for 24 hr. The concurrent changesbeled synaptic terminals followed over 24 hr, (2) the
in selective presynaptic remodeling and EPSP ampli-expression of synaptophysin-eGFP to monitor changes
tude suggest that the filling of preexisting empty varicos-in the distribution of synaptic vesicles within each pre-
ities with synaptophysin, a marker of synaptic vesicles,synaptic varicosity, (3) the expression of synapto-Phluo-
may represent at least one of the structural and func-rin to monitor active transmitter release sites, and (4)
tional components of intermediate-term facilitation. Thisphysiological recording of Aplysia sensory to motor neu-
is further supported by the finding that inhibitors ofron synapses in culture. By combining these techniques
translation or transcription affect neither the isolatedwe have been able to examine in real time the relation-
intermediate-term facilitation nor the associated fillingship between specific presynaptic structural changes
of empty sensory neuron varicosities. Since the growthand the increase in synaptic function that accompanies
of new varicosities does not occur until 12–18 hr afterlong-term facilitation. We find that repeated applications
5-HT training, the filling of preexisting empty varicositiesof 5-HT induce both classes of structural changes and
and their subsequent activation represents the onlythat each is induced with a different time course.
frank presynaptic structural change observed in this
study that can contribute to intermediate-term facili-
Time-Lapse Imaging of Synaptic Vesicle Proteins
tation.
Reveals Distinct Structural Correlates
Ahmari et al. (2000) have demonstrated that puncta
of Intermediate- and Long-Term Facilitation labeled by VAMP-GFP are transported into nascent syn-
The temporal analysis of the remodeling that underlies apses and subsequently stabilized only at those syn-
the development of long-term facilitation can serve to apses defined by FM4-64. Moreover, these puncta
bring structural changes into register with the physiolog- contained not only synaptic vesicles but also other mo-
ical correlates of different phases of long-term synaptic lecular components of the presynaptic active zone. If
plasticity. Thus, we find that previously existing but this is also the case in the present study, the 5-HT-
empty sensory neuron varicosities are enriched in syn- induced clustering of synaptic vesicle proteins to sen-
aptophysin-eGFP within 3–6 hr after 5-HT treatment. By sory neuron varicosities might represent a recruitment
contrast, the formation of new varicosities did not begin of not only synaptic vesicles but also the molecular
until approximately 12 hr and was not completed until precursors for active zone assembly. Thus, the selective
18 hr after the repeated presentation of 5-HT. These clustering of synaptic proteins into individual presynap-
different time windows for the two classes of presynap- tic varicosities may be a useful morphological signature
tic structural changes—a rapid enrichment of preex- of functional changes induced by 5-HT.
isting empty varicosities with synaptic vesicle proteins The redistribution of synaptic vesicle proteins in both
and a slower generation of new varicosities—appear to preexisting and newly formed synapses is likely to in-
be consistent with the onset and duration of intermedi- volve cytoskeleton rearrangements (Benfenati et al.,
ate-term and long-term facilitation, respectively (Figure 1999). For example, structural remodeling of synapses
8). Since intermediate-term facilitation lasts for about in response to physiological activity requires the reorga-
3–6 hr whereas long-term facilitation first appears at nization of actin (Colicos et al., 2001; Huntley et al.,
10–15 hr and lasts for more than 24 hr (Ghirardi et al., 2002). In turn, the inhibition of actin function blocks
1995; Mauelshagen et al., 1996), these two classes of synapse formation and interferes with long-term potenti-
presynaptic remodeling may represent distinct struc- ation (Krucker et al., 2000; Zhang and Benson, 2001).
tural correlates of the two phases of memory storage Furthermore, several synaptic proteins such as synapsin
(Sutton et al., 2001). This idea is further supported by that bind to the actin cytoskeleton can participate in
synaptic vesicle trafficking (Humeau et al., 2001).our finding that the clustering of synaptic vesicles into
Neuron
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Figure 8. Model of Time Course and Func-
tional Contribution of Two Distinct Presynap-
tic Structural Changes Associated with Inter-
mediate- and Long-Term Facilitation
Five pulses of 10 M 5-HT trigger the cluster-
ing of synaptic vesicles to preexisting silent
synapses (3–6 hr) and the formation of new
synapses (12–18 hr). The resultant newly filled
and newly formed synapses are competent
for evoked transmitter release, which is likely
to contribute to the synaptic enhancement
that underlies long-term facilitation. The rapid
filling and activation of silent presynaptic ter-
minals at 3 hr suggests that, in addition to its
role in long-term facilitation, this modification
of preexisting synapses may also contribute
to the intermediate phase of synaptic plastic-
ity. Red triangles represent functionally com-
petent release sites (active zones), and empty
circles indicate synaptic vesicles.
Long-Term Facilitation Is Associated light the fact that there are likely to be multiple types of
mechanisms that can contribute to long-term facilitationwith the Activation of Silent Presynaptic
Varicosities and the Growth of New at 24 hr (Schacher et al., 1997; Sutton and Carew, 2000;
Bailey et al., 2000).Functional Synaptic Varicosities
The functional significance of the structural changes Of the two classes of presynaptic structural plasticity
observed in the present study, synaptic growth appearsthat accompany long-term memory remains largely un-
known. In particular, one would like to know if changes to contribute more to the synaptic enhancement present
at 24 hr than does the activation of preexisting silentin the number or structure of synaptic connections in-
duced by learning are functionally effective and capable synapses. It will be of interest to see if the functional
contribution by newly formed varicosities increases withof contributing to memory storage. We believe that the
synPH data in the present study represents an important time when the growth process is more fully elaborated
and memory storage is likely to be more stable. Thisstep in addressing these issues. This, in turn, has al-
lowed us to monitor continuously over time individual would be consistent with earlier studies in the intact
animal which have shown that only the increases in the5-HT-induced structural changes at the same sensory
neuron varicosities and to examine directly the func- number of sensory neuron varicosities and active zones
persist for several weeks in parallel with the behavioraltional contribution of two distinct classes of presynaptic
structural changes to the different temporal phases of duration of the memory for long-term sensitization (Bai-
ley and Chen, 1988b, 1989) as well as with more recentlong-term facilitation. For example, 24 hr after repeated
pulses of 5-HT there is a 59% increase in the number work in culture which has demonstrated that synaptic
growth plays a more prominent role in the expressionof synPH-active sensory neuron varicosities. The enrich-
ment of preexisting but empty varicosities accounts for of the later phases of long-term facilitation, for example,
at 48 hr and 72 hr (Martin et al., 1997; Casadio et al.,approximately 32% of these newly activated synapses
at 24 hr, whereas newly formed varicosities account for 1999).
Whether or not each synPH-active varicosity makesapproximately 68%.
These results indicate that at least two temporally, an equal contribution to the synaptic enhancement is a
question that cannot be addressed directly at this pointmorphologically, and molecularly distinct presynaptic
structural mechanisms may contribute to long-term fa- in time. Determination of the specific relationship be-
tween an individual synPH-active presynaptic sensorycilitation (Figure 8): (1) the rapid activation of presynaptic
silent synapses through the recruitment of synaptic vesi- neuron varicosity and its exact contribution to the en-
hanced EPSP would require, at a minimum, additionalcle proteins to preexisting empty varicosities which re-
quires translation but not transcription and (2) the quantitative data regarding the molecular and functional
architecture of both the pre- and postsynaptic elementgrowth of new functional sensory neuron varicosities
which occurs more slowly and requires transcription as at each sensory to motor neuron contact. Presynapti-
cally this would include parameters such as the number,well as translation. Previous studies have shown that
specific 5-HT training protocols (Casadio et al., 1999) size, and vesicle complement of active zones and post-
synaptically the distribution and activation state of re-or experimental manipulations (Hatada et al., 2000) can
induce long-term facilitation at 24 hr, without recruiting ceptors.
At present, it is not clear why more than half of thethe formation of new sensory neuron varicosities. How
might such an increase in synaptic strength persist for sensory neuron varicosities enriched in either synapto-
physin-eGFP or synPH were not functional. Perhaps in24 hr in the absence of synaptic growth? The results
of the present study suggest that additional structural these varicosities the maturation of transmitter release
sites is not yet complete. For example, there are thoughtmodifications of preexisting connections, including the
activation of previously silent synapses, may play a role to be at least two kinds of preassembled presynaptic
packets in developing neurons: one which contains syn-in the initial phases of synaptic maintenance and high-
Function of Learning-Related Structural Changes
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without 5-HT treatment. To induce intermediate-term facilitationaptic vesicle proteins and the other which contains ac-
alone, four pulses of 10 nM 5-HT were applied (reduced protocol)tive zone components (Friedman et al., 2000; Zhai et
and EPSPs were recorded 3 hr before, 0.5, 3, and 24 hr after theal., 2001). It is likely that those varicosities, which are
5-HT treatment. For the inhibition of translation and transcription,
enriched in presynaptic vesicle proteins but lack a fully anisomycin (20 M, Sigma) or actinomycin-D-mannitol (50 M,
mature active zone, would not be functionally com- Sigma) were added 1 hr before the start of 5-HT treatment and were
present continuously during and until 30 min after the end of thepetent.
5-HT treatment (Montarolo et al., 1986). All data are presented asWhy do only a specific subset of varicosities become
mean percentage change  SEM in the EPSP amplitude as com-activated whereas others do not? Since repeated 5-HT
pared with its initial amplitude.treatment leads to a differential enrichment of synaptic
vesicle proteins only in specific sensory neuron varicosi-
Quantification of Structural Changesties, proteins produced locally at each varicosity might
Sensory neuron varicosities were analyzed with Metamorph (Univer-
contribute to these structural and functional alterations. sal Imaging Corp, PA). The mean pixel intensities of GFP were deter-
Alternatively, these proteins might not be synthesized mined by manually outlining the varicosities fluorescently labeled
within or nearby each varicosity but might be trans- with Alexa-594. Each of these values indicated the enrichment of
GFP fluorescence within the individual varicosity. The maximumported and captured at specific varicosities that have
mean intensity among all the varicosities in one culture was desig-been “tagged” following 5-HT stimulation (Frey and Mor-
nated as 100% enrichment index of GFP, and the minimum intensityris, 1997; Martin et al., 1997). Thus, the 5-HT-induced
was designated as 0% enrichment index. Experimentally, varicosi-
enrichment of synaptic vesicle proteins at a specific ties that displayed a complete overlap of Alexa-594 and GFP staining
subset of sensory neuron varicosities and the subse- were considered 100% enriched, whereas varicosities completely
quent functional activation of these previously silent lacking GFP expression were considered 0% enriched. The varicosi-
ties were binned (ten equal-width bins) according to their averagesynapses may be one of the local structural con-
fluorescence intensities. We considered varicosities in the first binsequences of long-term synapse-specific plasticity.
(0%–10% enrichment) to be “empty varicosities.”Another possibility involves the potential role of the
postsynaptic neuron in modulating the 5-HT-induced
Electron Microscopystructural and functional changes observed in presyn-
Cell cultures were rinsed briefly with hemolymph-free culture me-aptic terminals (Bailey and Chen, 1988a; Glanzman et
dium and rapidly fixed in place on poly-L-lysine-coated Aclar 33c
al., 1989; Bao et al., 1998; Schacher et al., 1999). This coverslips, following a three-step protocol previously described
interaction between postsynaptic and presynaptic neu- (Bailey et al., 1992b). Serial thin sections (200–300 sections per
block) were cut parallel to the substrate surface, stained with leadrons is critical for the formation and maturation of syn-
and uranyl acetate, and photographed with a Phillips 301 electronapses during development (Tao and Poo, 2001) and is
microscope.likely to play a key role in both the pre- and the postsyn-
aptic expression of the structural plasticity associated
Functional Determination of Individual Sensorywith learning and memory storage.
Neuron Varicosities
The sensory neurons expressing synPH were depolarized by theExperimental Procedures
perfusion of 200 mM KCl-containing medium for 1 min, and the
same region was then visualized every 2 min in identical opticalCell Culture and DNA Expression
parameters. Active varicosities, i.e., varicosities that were compe-Cocultures of sensory neurons and the motor neuron L7 of Aplysia
tent for the evoked release of neurotransmitter, were identifiedcalifornica were prepared as previously described (Rayport and
based on three criteria: (1) they had a long diameter of greater thanSchacher, 1986). DNA constructs of synaptophysin-eGFP (Antonova
3 m as measured by Alexa-594 labeling, (2) they were in contactet al., 2001), synaptophysin-RFP (DsRed2, Clontech, CA), or sy-
with the major processes or cell body of the postsynaptic motornapto-PHluorin (kindly donated by Dr. James Rothman, Memorial
neuron L7, and (3) they displayed an increase in fluorescence inten-Sloan-Kettering Cancer Center, NY) (Miesenbock et al., 1998) were
sity of more than four standard deviations above the mean intensi-subcloned into the Aplysia expression vector pNEX3 and microin-
ties before depolarization of sensory neuron (from confocal imagesjected into sensory neurons as previously described (Kaang, 1996).
taken at 2 min intervals in the resting condition). The increase in
magnitude of this mean fluorescence signal varied from 40% toDye Injection and Cell Imaging
120% among individual varicosities, similar to the range of synPHTo fluorescently label sensory neurons, the eGFP () sensory neu-
fluorescence observed in rat hippocampal neurons (Sankaranaraya-rons were impaled with glass micropipettes filled with 10 mM Alexa-
nan et al., 2000).594 (Molecular Probes, OR) in 0.2 M KCl and ionotophoresized by
The Ca2 dependency of the increase in synPH fluorescence waspassing 1.0 nA hyperpolarizing current pulses (500 ms duration
examined to validate the efficacy of synPH in Aplysia culture. Weat 1 Hz) for 10 min.
first perfused low Ca2 medium (0.625 mM CaCl2 in L15 medium/Sensory neurons expressing the injected DNA constructs were
artificial sea water) for 20 min followed by 200 mM KCl-containingidentified, and fluorescent images were acquired with Zeiss Axiovert
low Ca2 medium for 1 min. After removing the low Ca2 mediummicroscopes mounted on either a Bio-Rad MRC1000 (Bio-Rad, CA)
with perfusion of normal Ca2 medium (11 mM CaCl2) for 30 min, theor a LSM Pascal (Zeiss, NY) laser confocal scanning microscope.
sensory neurons were again depolarized with KCl and the number ofImages were taken with a 40, NA 0.75 (MRC1000) or 40, NA
active varicosities (satisfying the three criteria described above) was1.3 (LSM) objective, and the gains and neutral density filters were
determined (2.0  0.5 in the low Ca2 medium versus 8.3  1.5 inadjusted to prevent saturation of the detection threshold (pixel value
normal medium, n  4, p  0.01).255). A z series consisting of 10 to 15 optical sections was collected
throughout the entire volume of the sensory neuron varicosities.
Kalman averages were collected for each image. Statistical Analysis
All the data are represented as the mean SEM. Either an unpaired
or paired Student’s t test was used to determine the statisticalElectrophysiology
EPSPs were evoked by stimulating the sensory neurons extracellu- significance between two data sets. A one-way ANOVA and a Neu-
man-Keuls’ Multiple Range Test were used for multiple compari-larly with depolarizing pulses as previously described (Martin et al.,
1997). The evoked EPSPs were recorded again 24 hr after repeated sons. The statistical significance was indicated by *p  0.05, **p 
0.01, and ***p  0.0001.10 M 5-HT treatment (five 5 min pulses with 15 min interval) or
Neuron
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